Intact starch granules are a new source of particles for stabilizing emulsions, so called Pickering emulsions. Small (1-2 μm) and uni-modal starch granules at various concentrations have been used in this study to investigate the stability of the emulsions, the drop size dependence of the starch concentration and the barrier properties of the stabilizing starch layer upon heating. The granules were modified with octenyl succinic anhydride (OSA) to increase the hydrophobicity. The drops in the emulsions prepared in this study were in the 10-100 μm range depending on the starch concentration, and the drop size decreased with an increased amount of added starch granules. During the 8 week storage, the emulsion drops were stable to coalescence and the volume occluded by the emulsion phase was unaffected or even increased. In order to increase the barrier properties at the oil-water interface the emulsions were gently heated, which induced a partial gelatinization of the starch granules. The efficiency of the barrier was characterized by a lipolysis experiment where the activity of lipase was measured. The activity of lipase was decreased with nearly 70% compared to an unheated starch stabilized emulsion, which will be useful in applications where a controlled release of specific substances in the gastro intestinal tract is desirable.
Introduction
Food emulsions are generally stabilized by surfactants, proteins and hydrocolloids. However, the use of particles to stabilize emulsions has attracted substantial research interest due to their distinctive characteristics and promising technological applications [1] . Particle stabilized emulsions, so called Pickering emulsions [2] , are known to display long-term stability even without the addition of surfactant. Through the choice of the size of the stabilizing particles, the surface layer thickness can be easily manipulated, and the effective density of the emulsion droplets tailored to achieve positive, negative or close to neutral buoyancy.
The stability of particle stabilized emulsions is ascribed to the fact that if the particles have favorable wetting conditions for the dispersed phase and are above a certain size (approximately 10 nm) they are effectively irreversible adsorbed at the oil-water interface and the desorption energy per particle is several thousand kT (where k is the Boltzmann constant and T is the absolute temperature) [3] . Practically this is an insurmountable energy barrier to droplet shrinkage beyond a tightly packed monolayer of particles. The strong adsorption of particles at the interface can thus explain their stability against coalescence and in some cases Oswald ripening.
In contrast to particles commonly used for Pickering emulsions such as latex, silica, and clay particles, starch (including hydrophobically modified starch) is an accepted food ingredient and pharmaceutical excipient. Starch granules are abundant, inexpensive, and obtained from natural sources. There is a large natural variation regarding size, shape, and composition of starch granules among its numerous botanical sources. Native starch is not naturally hydrophobic, and thereby generally not suitable to adsorb to the oilwater interface. However, the hydrophobicity can be increased for example by chemical modification using octenyl succinic anhydride (OSA). OSA modified starch with a degree of modification < 3%, E1450, is a well established food ingredient with no specific limitations on its use.
The properties of emulsions stabilized by starch granules can be further modified by heating in situ. When heated in aqueous media starch gelatinizes. The gelatinization process includes swelling of starch granules, amylose leakage from granules, loss of molecular and crystalline order, and at high temperatures, long times or high shear stresses finally leads to granule disintegration [4] . We surmised that with a judicious choice of heating conditions, the surface covering starch granules can be partially gelatinized and still remain bound to the surface and create an enhanced barrier to transport across the interface.
The objective of this investigation was to study the storage stability of starch granule stabilized oil-inwater emulsions and to draw on starches' physical-chemical characteristics to create barrier properties at the oil-water interface.
Materials and Methods

Starch granules
A source of starch with a small and uni-modal granule size distribution, quinoa (see Figure 1a) , was selected. Starch was isolated from quinoa (Biofood, Sweden) by a wet-milling process and repeatedly washed using water, 3% NaOH, and citric acid (pH 4.5), respectively. The starch was treated with OSA to 1.8% by Lyckeby-Culinar AB, Sweden. The continuous phase of the emulsions was a 5mM phosphate buffer with pH 7 and 0.2M NaCl (density 1009.6 kg/m³ at 20°C), the dispersed phase was the mediumchain triglyceride oil, Miglyol 812 (density 945 kg/m³ at 20°C, Sasol GmbH, Germany).
Emulsification
The continuous and dispersed phases and starch were emulsified in glass test tubes by high shear mixing in an Ystral X10 mixer with a 6 mm dispersing tool (Ystral GmbH, Germany) at 22000 rpm for 30 s. To determine the effect of the amount of added starch on emulsion drop size, emulsions were prepared by combining 6.65 ml of continuous phase, 0.35 ml of dispersed phase and starch at varying amounts (12.5 mg -400 mg). The samples were stored at 20°C for 1 day before drop size measurements. To determine the stability of the emulsions, buoyancy neutral emulsions, i.e. the starch covered oil drops had approximately the same density as the continuous phase, were prepared. The volume fractions of oil were 12.5, 16.6, 25.0 and 33.3%, the starch to oil ratio was constant at 214 mg starch/ml oil and the total volume of the samples were 7 ml. The emulsions used in the experiments to study barrier properties were prepared by combining 2.7 ml of continuous phase, 0.3 ml of dispersed phase and starch at varying amounts (75 mg -600 mg) and subsequently exposed to the heat treatment and lipolysis experiments described below.
Storage conditions
The samples were stored in sealed test tubes at 5°C for 1 day, 1, 2, 4 and 8 weeks before drop size measurements and determination of volume fractions.
Particle size measurements of starch granules and emulsions
The particle size distributions were measured using laser diffraction (Coulter LS 130, Coulter Electronics Ltd, UK) with Mie optical mode, for starch and starch covered emulsions a refractive index of 1.54 was used. A small volume of sample was added to the flow system and pumped through the optical chamber for measurements.
Rheology measurement
The elastic modulus and phase angle of the samples stored 8 weeks were measured using an oscillating stress sweep, 20 s at each amplitude (Kinexus, Malvern, UK). The frequency was 1 Hz. A cone and plate system with a diameter of 40 mm and a cone angle of 4 degrees was used.
Heat treatment to generate barrier properties
The emulsions were heat treated in a water bath and hold at 70-72°C for 1 min (the total warming time was approximately 4 min). The selection of the temperature was based on the measurement of the gelatinization temperature of quinoa starch granules using a differential scanning calorimeter (Seiko DSC 6200, Seiko Instruments Inc., Japan). Figure 1b shows the DSC thermogram with the onset (T o ), peak (T p ) and conclusion (T c ) temperatures of 46.1, 60.0 and 70.4, respectively. After the heated samples had returned to room temperature the emulsions were shaken in a vortex mixer for 5 s. 
Characterization of barrier properties
In order to characterize the barrier properties of the starch at the oil-water interface a lipolysis experiment was used to determine to what extent the oil has become unavailable to enzyme activity. The barrier properties of the starch granules, i.e. the activity of lipase and colipase, was determined by pH-stat titration using a TIM854 model Radiometer (Analytical SAS, France). The sample, emulsion or control, was mixed with 15 ml essay buffer (containing bile salts) and 3 μl each of the solutions containing lipase (1 mg/ml) and colipase (1 mg/ml). The activity of lipase was determined by measuring the amount of 0.1 M NaOH added to maintain the pH at 7 during the liposlysis since the free fatty acids (FFAs) released by lipase lowered the pH. The mean release of FFAs per minute (μmol/min) between 15 and 18 minutes after the addition of the enzymes was used as the activity of lipase and colipase. The effect of the heat treatment of the emulsions was controlled using a non-heated emulsion with the same composition as the corresponding heated emulsions. In addition, a control with the continuous phase buffer and starch, heated as the emulsions, was used to verify the lipase activity of the starch. The activity of oil without the presence of starch was controlled using emulsions stabilized by Tween 20 (drop size 10-20 μm). The activity of the enzymes in each sample was scaled with the specific surface area of the drops in respective emulsion.
Microscopy
Micrographs of emulsions before and after heat treatment were obtained using a light microscope (Olympus BX50, Japan) with 10-100x objectives with the light transmitted using a polarisation filter (U-ANT, Olympus). The system was equipped with a 1280×960 resolution camera (DFK 41AF02, The Imagingsource, Germany) and the software ImageJ (version 1.42m). For starch granules also scanning electron microscopy (FegSEM, JEOL, JSM-6700F, Japan) operated at 5 kV (working distance 8 mm, lower electron imaging (LEI) detection mode) was used. The samples were sputter coated with gold.
Analysis
The emulsifying capacity of the starch and the stability of the emulsions were expressed in two ways: as the emulsion index EI (equation 1) and by their relative occluded volume, ROV (equation 2). (2) Where V emuls is the volume of the observed emulsion (i.e. the non-clear fraction), V oil is the volume of the oil phase and V starch is the volume occupied by the added starch, and V total is the sum of all the phases, i.e. oil phase, added starch, and continuous phase (buffer solution). In a completely phase separated system, ROV equals 1, i.e. there is no increase in the emulsion layer beyond that of its constituent phases. 
Results and Discussion
Starch and starch stabilized emulsions
The size, size distribution and morphology of quinoa starch granules was determined by light scattering and SEM. Quinoa starch granules are irregular polygonal shaped with smooth edges ( Figure  1a) . The main modes of the number, D10 and volume, D43, distribution of the granules were 1.34 m and 3.45 μm, respectively, measured by light scattering. The particles were uni-modal but with some aggregates of granules generating the peak at 10 μm as can be seen in the particle size distribution in Figure 2a (dashed line).
Intact starch granules have successfully been used to generate food grade Pickering type emulsions with granules in a closely packed layer at the oil-water interface (insert in Figure 2a ). An emulsion with 214 mg starch/ml oil typically consists of drops with a mean diameter (D 43 ) of 35-40 μm (solid line in Figure 2a ) and in principle all of the starch was adsorbed at the oil-water interface as very little free starch granules was observed in light microscopy of particle size distributions. This further indicates the starch granules have a very high degree of affinity for the oil-water interface and once adsorbed are unlikely to detach.
Starch concentration
The drops in the emulsions prepared in this study were in the 10-100 micrometer range depending of the starch concentration. The drop size decreased with an increased amount of stabilizing starch granules as shown in Figure 2b The effect of starch concentration on size has a decisive effect over the lowest concentrations and only marginal changes at higher starch concentrations. A defined system has a limiting drop size, which depends on the physical and mechanical properties of the system and when this drop size is reached any excess of particles will be in the continuous phase. At this point other factors such as level of mechanical treatment and emulsification method could be determining. 
Storage stability
The drop size was determined and the emulsion index was calculated at 5 time intervals between 1 day and 8 weeks of storage. The drop size showed no significant difference, neither by oil concentration nor by storage time. The drop size (D 43 ) was between 34 and 39 μm for all the samples. Thus, the drops were stable over time and were not susceptible to coalescence, irreversible flocculation or Ostwald ripening; the latter being probably unlikely in this system due to the relatively large drop sizes and poor solubility of Miglyol in water.
The emulsion index (EI) increased as expected with the oil concentration (Figure 3a) . The EI was close to 1 for the samples with 33.2% oil, i.e. the emulsion phase nearly occupied the whole sample. The EI had a tendency to increase with storage time, at least for the first four weeks, due to the matching densities of the drops and the continuous phase. At lower oil concentrations the emulsion phase was less dense, which is illustrated by the calculated ROV in Figure 3b . The compactness of the emulsion phase increased with the volume fraction of the dispersed phase. The high stability of the emulsions was supported by the minor variations of the ROV.
The rheology measurements confirmed the observed differences in the structure of the emulsions due to the variation of the dispersed phase volume fractions. In Figure 4 the elastic modulus is plotted as a function of complex shear stress. There is a short linear elastic region followed by a rapid decrease at stresses of ~1 Pa or less indicating that the samples have a very weak gel structure. The elastic modulus G' is a measure of the amount of energy from the oscillating shear stress that can be stored in the samples structure, and is a function of the strength and the number of interactions between the components of the emulsions. As could be expected, the higher the concentration of oil, the greater the elastic modulus as there was more interacting material.
As the shear stress was increased the structure eventually broke down, which was shown by the change in phase angle. At low shear stresses the samples had phase angles lower than 45 , i.e. the samples were exhibiting more elastic behavior. As the shear stress was increased to the point that the weak gels began to flow, the phase angle increased to greater than 45 indicating a more liquid like behavior in the samples. Table 1 show that the higher the oil concentration, the higher the shear stress could be increased before the gel structure in the emulsions was reduced to liquid like behavior. Table 1 . Values of shear stress at the phase change from gel to liquid (phase angle 45°).
Barrier properties
A significant reduction in lipolysis rate could be obtained when modifying the physical barrier. Heating induced a partial gelatinization of starch granules as can be seen in Figure 5 which shows emulsion drops under polarized light. A birefringent structure is seen in polarized light when viewing the starch stabilized emulsions because of the orientation in the crystalline parts of the granules. The gelatinized granules created a more impermeable layer around the drops which differs from the distinct granules at the drop surface in the unheated emulsions. Partial crystallinity of swollen granules was also indicated by remaining birefringence at the oil interface of heated samples in the right micrograph in Figure 5 . Although swelling and leached material cause the boundary between the individual granules to become diffuse, the granules still remain as particles at the oil interface to a certain degree. This could result in a maintained particle stabilization mechanism while at the same time achieving a dense cohesive outer layer into the aqueous phase that gives rise to the enhanced barrier properties observed in the heattreated starch stabilized emulsions.
The activity of the lipase decreases by at least 60% compared to the activity in an unheated emulsion ( Table 2 ). The unheated starch stabilized emulsion had no effect on the lipolysis compared to the emulsion with Tween 20 as emulsifier and drop stabilizer, which support that the heating induced a barrier at the drop interface. The activity of lipase decreased only in the heated emulsions due to the partial gelatinization of the starch granules. The absolute measured activity of lipase increased with the starch concentration since the drop size decreased as explained above. A larger accessible surface area increases the possibility for lipase to digest the oil into FFAs. Hence, the lipase activity per specific surface area decreased at higher starch concentrations as the heated starch granules created a denser layer around each drop. The high activity despite the large drop size at the lowest starch concentration indicated that the oil surface was not completely covered by the starch. 
Conclusion
This work has demonstrated the emulsifying capacity of intact starch granules. We have found that the resulting emulsions are stable during storage (at least 8 weeks) despite their large drop size. By making use of starches' physical-chemical characteristics of swelling and gelling we have been able to increase the barrier properties to enzymatic activity at the oil-water interface. By using the decrease in lipolysis rate as a measure of the quality of the physical barrier on the drop surface, we have been able to use the careful application of heat to increase the barrier resistance by up to 70%.
Although the drop size of starch granule stabilized emulsions was relatively large, their excellent stability and barrier properties can prove suitable for applications such as encapsulation of sensitive, bioactive, and or valuable ingredients in food and pharmaceutical products with the starch particles acting as a barrier controlling the release properties. 
